Antioxidant and antihemolytic activity of lipid-soluble bioactive substances in avocado fruits.
Introduction
The role of free radicals in the pathology of many diseases such as cardiovascular, neurodegenerative, cancer, etc., has been well established. Free radical-induced oxidative stress causes serious damage to important biomacromolecules that leads to cell death and then organ dysfunction [1] . Antioxidant therapy is one of the most important and safe ways to prevent oxidative damage. Synthetic antioxidants are very effective but numerous side effects have been reported from them [2] . There has been a recent upsurge in the search for new antioxidants of natural origin. Fruits are of particular interest, because they are rich sources of different classes of antioxidant phytochemicals such as flavonoids, polyphenolic compounds, vitamins, etc. Avocado (Persea americana Mill.) is an oleaginous fruit with high concentrations of monounsaturated fatty acids [3, 4] . Previous studies showed that its fruits are a rich source of carotenoids, B group vitamins, ascorbic acid and tocopherols, and phenols [5] [6] [7] . They also contain terpenoids, D-manno-heptulose and β-sitosterol [8] [9] [10] . Numerous biological activities have been reported for its fruit including antioxidative, acetyl CoA carboxylase inhibitory, and antifungal and anticancer activities [3, [11] [12] [13] .
Henry et al. determined the antioxidant activities of several C 8 -C 24 saturated and unsaturated fatty acids. They found that most of the unsaturated fatty acids have potent antioxidant activities [14] . Previous studies demonstrated that avocado fruit is a very rich source of fatty acids, especially its lipophilic extract [8] . Also, the lipophilic fraction of avocado fruit is rich in tocopherols and carotenoids, which are known to be potent antihemolytic and antioxidant agents [15] [16] [17] . Far less attention has been given to avocado fruit's lipid substances, that may also contribute to antioxidant and antihemolytic properties. In our study, we present the separation of lipid-soluble components from ripe California Hass avocado fruit and an assessment of their antioxidant and antihemolytic activities using different, complementary methods.
Materials and methods

Chemicals
Ferrozine, linoleic acid, trichloroacetic acid (TCA), 1,1-diphenyl-2-picryl-hydrazyl (DPPH), potassium ferricyanide, fluorescein, 2,2′-azobis(2-amidinopropane) dihydrochloride (AAPH), and hydrogen peroxide were purchased from Sigma Chemicals Co. (St Louis, MO, USA). Gallic acid, quercetin, butylated hydroxyanisole (BHA), ascorbic acid, vitamin E, sulfanilamide, N-(1-naphthyl)ethylenediamine dihydrochloride, ethylenediaminetetraacetic acid (EDTA) and ferric chloride were purchased from Merck (Darmstadt, Germany). All other chemicals were of analytical grade or purer.
Plant materials
Avocado fruits were collected from Ghaemshahr, Mazandaran, Iran. The fruits were transported to the laboratory and kept at < 4°C for 24 h prior to sample preparation. The fruits were oven-dried at 40°C for 5 days. Samples were coarsely ground (2-3 mm) before the extraction procedure.
Extraction procedure and saponification
The extraction procedure was performed using the method of Heinonen et al. [5] with slight modifications. All organic solvents used for extraction contained butylated hydroxytoluene (0.1%, w/v) as an antioxidant. The sample (20 g) was mixed with acetone (40 mL), homogenized, extracted by triplicate sonication with acetone (160 mL), and vacuum-filtered. The filtrates were combined and concentrated under vacuum. The combined extract was saponified (24 h) at 25°C using a mixture of potassium hydroxide (20 mL, 9 mol⋅L -1 ) in ethanol (50%). Ascorbic acid, 0.5 g (as an antioxidant) was added to the saponification mixture. After 24 h of saponification, the mixture was diluted with sodium chloride solution (200 mL, 10%) and carotenoids and vitamin E were extracted in triplicate with hexane with butylated hydroxytoluene (20 mL, 0.1% in hexane) as an antioxidant. The hexane fractions were combined and evaporated to complete dryness under vacuum. The sample (25-400 mg⋅mL -1 ) was added, at an equal volume, to solution of 1,1-diphenyl-2-picrylhydrazyl (100 mM in methanol). Reactions were incubated for 15 min at room temperature and then were recorded at 517 nm. The experiment was repeated three times. Ascorbic acid, butylated hydroxytoluene and quercetin were used as standard controls. IC 50 values denote the concentration that is scavenging 50% of free radicals [2] .
Reducing power
The reducing power of the extract was determined using the method of Yen and Chen [18] . The sample (100-800 mg⋅mL -1 , 2.5 mL) was mixed with phosphate buffer (2.5 mL, 0.2 M, pH 6.6) and potassium ferricyanide (2.5 mL, 1%). Reaction mixtures were incubated at 50°C for 20 min. To stop the reaction, trichloroacetic acid (10%, 2.5 mL) was added to the mixtures, which were then centrifuged at 1000 g for 10 min. The upper layer of solution (2.5 mL) was mixed with distilled water (2.5 mL) and FeCl 3 (0.1%, 0.5 mL), and measured at 700 nm. Increased absorbance of the reaction mixture indicated increased reducing power. Ascorbic acid was used as a positive control.
Metal chelating
The activity of the sample to chelate iron ions was estimated by the method of Dinis et al. [19] . The sample (100-1600 µg⋅mL -1 , 1 mL) was added to a solution of FeCl 2 (2 mM, 0.05 mL). Ferrozine (5 mM, 0.2 mL) was added to initiate the reaction and the mixture was shaken vigorously and left standing at room temperature for 10 min. Absorbance of the solutions was then measured at 562 nm. Na 2 EDTA was used as a positive control.
Nitric oxide scavenging
Sodium nitroprusside (10 mM), in phosphate-buffered saline, was mixed with different concentrations of sample (50-800 µg⋅mL -1 ), and incubated at room temperature for 150 min. After the incubation period, 0.5 mL of Griess reagent (1% sulfanilamide, 2% phosphoric acid and 0.1% N-(1-naphthyl)ethylenediamine dihydrochloride) was added. The absorbance was measured at 546 nm. Quercetin was used as a positive control [20] .
Hydrogen peroxide scavenging
The sample (2 mL, 0.1-1 mg⋅mL -1 ) was added to a hydrogen peroxide solution (0.6 mL, 40 mM) in phosphate buffer (pH 7.4). The absorbance of the sample at 230 nm was measured after 10 min against a blank solution containing phosphate buffer without hydrogen peroxide and extracts. Ascorbic acid and quercetin were used as standards [21] .
Hemoglobin-induced linoleic acid system
A reaction mixture (2 mL) containing 100 µL of the sample (100-400 µg⋅mL -1 ), linoleic acid emulsion (1 mmol⋅L -1 ), phosphate buffer (40 mmol⋅L -1 , pH 6.5) and hemoglobin suspension (0.0016%) was incubated at 37°C for 45 min. After the incubation, hydrochloric acid in ethanol (0.6%, 2.5 mL) was added to stop the lipid peroxidation. The amount of peroxide value was measured in triplicate using the thiocyanate method by reading the absorbance at 480 nm after reaction with FeCl 2 (0.02 mol⋅L -1 , 100 µL) and ammonium thiocyanate (0.3 g⋅mL -1 , 50 µL). Ascorbic acid was used as a positive control [2] .
Antihemolytic activity 2.5.1. Protection against hydrogen peroxide-induced hemolysis
Male rats in the body weight range of 180-220 g were housed in individual polypropylene cages and had free access to S.F. Nabavi et al.
food and water. The animals were fed with a standard diet. The animals were anesthetized with ketamine (60 mg⋅kg -1 ) and xylazine (5 mg⋅kg -1 ) given intraperitoneally. Blood samples were collected via retroorbital puncture in plain plastic tubes. Erythrocytes were isolated and stored according to the method described by Alinezhad et al. [2] . Different concentrations of the sample (0.5 mL) were added to erythrocyte suspension (4%, 2 mL) and the volume was made up to 5 mL with saline buffer. Reaction mixtures were incubated for 5 min at room temperature and then 0.5 mL of H 2 O 2 solution in saline buffer was added to induce hemolysis. After incubation (240 min) at room temperature, the reaction mixture was centrifuged at 250 g for 10 min and the extent of hemolysis was determined by measuring the absorbance at 540 nm corresponding to hemoglobin liberation [2] .
2,2′-Azobis(2-amidinopropane) dihydrochloride-induced hemolysis assay
Blood was obtained from male rats by cardiac puncture and collected into heparinized tubes. Blood was centrifuged (3000 rpm, 10 min, 4°C) and plasma and the buffy coat were then separated. Erythrocytes were washed with phosphate buffered saline (pH 7.4), and then re-suspended to the desired hematocrit level. In order to induce free radical oxidation of the erythrocytes, aqueous peroxyl radicals were produced by thermal decomposition of 2,2′-azobis(2-amidinopropane) dihydrochloride (dissolved in phosphate buffered saline, final concentration 50 mM). To assess the protective effects of the sample against 2,2′-azobis(2-amidinopropane) dihydrochloride-induced oxidation of erythrocytes, an erythrocyte suspension (2% hematocrit) was pre-incubated with the lipid-soluble bioactive substances of avocado fruits (100-800 µg⋅mL -1 ) at 37°C for 30 min, followed by incubation with and without 2,2′-azobis(2-amidinopropane) dihydrochloride (50 mM). The reaction mixture was shaken slowly while being incubated (4 h, at 37°C). Hemolysis was evaluated spectrophotometrically by employing the method of Ko et al. [21] . Briefly, aliquots of the reaction mixture were taken out at each hour of the 4 h of incubation, diluted with normal saline, and centrifuged (6000 rpm, 10 min) to isolate the erythrocytes. The hemolysis percentage was evaluated by measuring the absorbance at 545 nm of the supernatant (A) and compared with that of complete hemolysis (B) by treating an aliquot with the same volume of the reaction mixture with distilled water. The hemolysis percentage was calculated using the formula: [(A/B) × 100].
The protection of fluorescein against oxidant-induced bleaching
Fluorescein (2 µM) in phosphate buffer (100 mM, pH 7.4) was combined, in the absence or presence of the tested samples, with oxidants, namely 2,2′-azobis(2-amidinopropane) dihydrochloride (10 mM), in a final volume of 2 mL. The fluorescence of each sample was examined at the excitation/emission wavelengths of 480 nm/ 514 nm after 60 min of incubation with 2,2′-azobis(2-amidinopropane) dihydrochloride at 37°C. The results were analyzed in a way analogous to that presented by Kohri et al. [22] by plotting [(ΔF/ΔF o ) -1] vs. the concentration of the antioxidant, where ΔF is the decrease in fluorescence induced by an oxidant in the presence of a given concentration of that antioxidant, and ΔF o is the decrease in fluorescence induced by the same amount of the oxidant in the absence of an antioxidant.
Statistical analysis
Experimental results are expressed as means ± standard deviation. All measurements were in triplicate. The data were analyzed by an analysis of variance (p < 0.05) and the means separated by Duncan's multiple range tests. The IC 50 values were calculated from linear regression analysis.
Results and discussion
In scavenging of 1,1-diphenyl-2-picrylhydrazyl radical activity, the lipid-soluble bioactive substances of avocado fruits showed good activity [IC 50 = (255.2 ± 8.6) mg⋅mL -1 ].
IC 50 values for standard antioxidants, i.e., quercetin, ascorbic acid and butylated hydroxyanisole, were [(5.0 ± 0.1), (5.2 ± 0.2) and (53.9 ± 3.1)] mg⋅mL -1 , respectively. Lipid-soluble polyphenolic compounds of avocado fruits may be responsible for its good scavenging of 1,1-diphenyl-2-picrylhydrazyl radical. It has been suggested that electron-donating compounds can quench 1,1-diphenyl-2-picrylhydrazyl radicals via either hydrogen-or electron-donation mechanisms and change in the color of reaction mixtures from violet to yellow [2] . In the reducing power assay, lipid-soluble electron-donating compounds in the avocado fruits can reduce Fe 3+ to Fe 2+ . Perl's Prussian blue color induced by the Fe 2+ complex can be observed by determining the absorbance of samples at 700 nm [2] . An increase in absorbance of the samples at 700 nm indicates an increase in reducing power activity of lipid-soluble bioactive substances of avocado fruits ( figure 1) .
Ascorbic acid has better reducing power activity than avocado fruit samples. Nitric oxide radical is produced by sodium nitroprusside in physiological condition and interacts with singlet oxygen, leading to production of nitrite ions which can be evaluated via Griess reagent. Scavengers of nitric oxide radicals compete with singlet oxygen, leading to diminished production of nitrite ions. The IC 50 for nitric oxide radical scavenging of lipid-soluble bioactive substances of avocado fruits was (375.5 ± 11.7) mg⋅mL -1 . Although quercetin, a natural antioxidant, exhibits potent nitric oxide scavenging activity [IC 50 = (17.0 ± 0.0) µg⋅ mL -1 ], it has been reported to exhibit carcinogenic activity [23] . Nitric oxide radical plays an important role in initiation or progression of several diseases such as inflammation, cancer, atherosclerosis, etc. [2] . Therefore, natural antioxidants with potent nitric oxide scavenging activity may be of interest in protection and/or prevention of oxidative damage.
Lipid-soluble bioactive substances of avocado fruits exhibited weak iron-chelating ability (40.2% at 1600 µg⋅mL -1 ). Ethylenediaminetetraacetic acid showed very good activity [IC 50 = (18.0 ± 0.5) µg⋅mL -1 ]. Iron chelation can serve to remove tissue iron via formation of soluble, stable complexes that can be excreted in the feces and/or urine. Treatment with chelating agents is one of the most important methods of decreasing iron in iron-overloaded tissues and so improving life quality and overall survival in some diseases such as thalassemia major [24] . In recent years, much attention has been paid to searching for iron-chelating natural compounds with reduced side effects [25] . Many scientific reports have shown that ironchelating agents and hydroxyl radical scavengers can protect against acute renal failure, especially nephrotoxicity induced by aminoglycoside antibiotics [26] . In our work, the method of Dinis et al. [19] was used to evaluate ferrous ion chelation. Ferrozine can quantitatively form complexes with Fe 2+ . In the presence of iron-chelating agents, the ferrozine/Fe 2+ complex formation is diminished, with a resulting decrease in the red color of the ferrozine complex. In the iron chelation assay, lipid-soluble bioactive substances of avocado fruits and ethylenediaminetetraacetic acid impeded the formation of the ferrozine/Fe 2+ complex, suggesting that the lipid-soluble bioactive substances in avocado fruits have iron-chelating ability and capture iron ions in competition with ferrozine.
Lipid-soluble bioactive substances of avocado fruits show hydrogen peroxide scavenging in a dose-dependent manner. The IC 50 of hydrogen peroxide scavenging activity was (478.8 ± 16.3) mg⋅mL -1 . The 
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IC 50 values for ascorbic acid and quercetin were [(21.4 ± 1.1) and (52.0 ± 2.6)] mg⋅ mL -1 , respectively. The hydrogen peroxide scavenging activity of the tested sample may be correlated with phenolic compounds and/or other lipid-soluble bioactive natural compounds which can donate electrons to hydrogen peroxide, reducing it to water [2] . Hydrogen peroxide itself is not very reactive, but it can increase hydroxyl radical production in cells and tissues, resulting in cytotoxicity [20, 27] . The tested sample did show good activity in the hemoglobin-induced linoleic acid emulsion system (figure 2).
Erythrocytes are major targets for free radical assail due to the presence of both high membrane concentration of polyunsaturated fatty acids and the oxygen convey associated with redox active hemoglobin, which are influential promoters of free radicals. Specially, linoleic acid and arachidonic acid are targets of lipid peroxidation [28] . The inhibition of lipid peroxidation by antioxidants may be due to their free radical scavenging activities. Lipid peroxidation is indirectly initiated by superoxide because superoxide anion acts as a precursor of singlet oxygen and hydroxyl radicals [20, 29] . Hydroxyl radicals assail membrane lipids via removal of hydrogen atoms, which induces lipid peroxidation. The antihemolytic activity of the sample was tested and it was found that it has no harmful effects on erythrocytes. The IC 50 of antihemolytic activity was (395.5 ± 13.0) mg⋅mL -1 vs. ascorbic acid [(235.0 ± 9.1) µg⋅mL -1 ). Previous scientific reports showed correlation between antihemolytic activity and polyphenolic contents, and good antihemolytic activity may be the result of high concentrations of lipidsoluble polyphenolic compounds [30] . In physiological conditions, 2,2′-azobis(2-amidinopropane) dihydrochloride decomposes stably to produce peroxyl radicals. These peroxyl radicals cause polyunsaturated lipid oxidation in erythrocyte membranes to induce lipid peroxidation. As a result of lipid peroxidation, erythrocyte membranes endure injury quickly and lose their integrity, which leads to the release of hemoglobin or hemolysis [31] . Natural compounds with antioxidant activity have been shown to protect erythrocytes against 2,2′-azobis(2-amidinopropane) dihydrochlorideinduced hemolysis. Banerjee et al. have shown that treating erythrocytes with polyphenolic compounds protects them against 2,2′-azobis(2-amidinopropane) dihydrochloride-induced hemolysis, as evidenced by reduced release of hemoglobin and formation of thiobarbituric acid-reactive substances [31] . Additionally, Zhu et al. have shown that treating rat erythrocytes with cocoa extract containing flavonoids inhibits hemolysis induced by 2,2′-azobis(2-amidinopropane) dihydrochloride in vitro [32] . Furthermore, these reports attributed the antihemolytic activity of these plant-derived compounds to their antioxidant property. Our results suggest that lipid-soluble bioactive substances of avocado fruits can inhibit hemolysis by altering the cell membrane of erythrocytes, rather than by directly scavenging peroxyl radicals [IC 50 = (313.0 ± 11.5)]. Lipid-soluble bioactive substances of avocado fruits effectively protected fluorescein against peroxyl radicals derived from the commonly used azo initiator, 2,2′-azobis(2-amidinopropane) dihydrochloride-induced bleaching. Treating erythrocytes with oxidants causes hemolysis, which can be easily observed turbidimetrically in a plate reader, and which is protected by antioxidants. The results of this assay system are consistent with the sample having protected erythrocytes against 2,2′-azobis(2-amidinopropane) dihydrochloride-induced hemolysis ( figure 3) . 
Conclusions
This study demonstrates that the lipid-soluble bioactive-rich fraction of avocado fruits has antioxidant and antihemolytic activities. Extracts show different activity in ex vivo and in vitro models. Future studies on in vivo antioxidant and toxicological effects and/or using these substances in clinical studies are necessary. According to the results of the present study, these avocadoderived substances can serve as a starting point for further research and applications in the preparation of natural pharmaceuticals or herbal formulations. 
